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LEOPARD syndrome (LS), a disorder with multiple developmental abnormalities, is mainly due to mutations
that impair the activity of the tyrosine phosphatase SHP2 (PTPN11). How these alterations cause the disease
remains unknown. We report here that fibroblasts isolated from LS patients displayed stronger epidermal growth
factor (EGF)-induced phosphorylation of both AKT and glycogen synthase kinase 3� (GSK-3�) than fibroblasts
from control patients. Similar results were obtained in HEK293 cells expressing LS mutants of SHP2. We found
that the GAB1/phosphoinositide 3-kinase (PI3K) complex was more abundant in fibroblasts from LS than control
subjects and that both AKT and GSK-3� hyperphosphorylation were prevented by reducing GAB1 expression or by
overexpressing a GAB1 mutant unable to bind to PI3K. Consistently, purified recombinant LS mutants failed to
dephosphorylate GAB1 PI3K-binding sites. These mutants induced PI3K-dependent increase in cell size in a model
of chicken embryo cardiac explants and in transcriptional activity of the atrial natriuretic factor (ANF) gene in
neonate rat cardiomyocytes. In conclusion, SHP2 mutations causing LS facilitate EGF-induced PI3K/AKT/GSK-3�
stimulation through impaired GAB1 dephosphorylation, resulting in deregulation of a novel signaling pathway that
could be involved in LS pathology.

Noonan syndrome (NS) (MIM163950) is a relatively fre-
quent (�1/2,000 births) autosomal dominant disease primarily
characterized by facial dysmorphism, heart defects, and short
stature. LEOPARD syndrome (LS) (MIM151100) is a rarer
but related disorder that associates, roughly, NS symptoms
with deafness and cutaneous abnormalities. Both NS and
LS belong to the family of “neuro-cardio-facial-cutaneous”
(NCFC) syndromes, a group of developmental disorders that
display different combinations of the above-mentioned symp-
toms with mental retardation and tumor predisposition (4, 13).

At least 80% of LS and 50% of NS patients carry germ line
missense mutations in PTPN11, the gene encoding SHP2. SHP2
is a widely expressed protein tyrosine phosphatase (PTP) that
contains Src homology 2 (SH2) domains and promotes Ras–
mitogen-activated protein kinase (MAPK) activation through
different molecular mechanisms (14, 27, 39, 47). Other LS or
NS forms are caused by mutations in KRAS, SOS1, RAF1,
BRAF, and SHOC2 genes, which encode key factors of the
Ras-MAPK pathway (6, 32, 34, 37, 38, 41).

Although genetic studies have provided essential advances,
how PTPN11 mutations cause the diseases’ symptoms remains
an open question. Biochemical studies have shown that NS
mutations are located at contact points between the catalytic
and the SH2 domains and therefore disrupt SHP2 autoinhibi-
tory conformation (11, 19), thereby stimulating SHP2 catalytic
activity (gain-of-function mutations). Conversely, LS muta-
tions are confined within the catalytic domain and repress
SHP2 activity (15, 21, 40).

A key issue in understanding LS/NS pathogenesis is the iden-
tification of the signaling pathways that are altered by these mu-
tations. It is now well accepted that NS mutants can exert a
dominant-positive effect on Ras-MAPK activation and that this
upregulation is responsible for the cardiac defects observed in NS
(1, 2, 9, 11, 22, 23, 29). In addition, NS mutations could alter other
signaling pathways (Ca2�/NFAT, RhoA, and Src) (17, 42, 44).

In the case of PTPN11 mutations causing LS, our knowledge
is much poorer, since even the outcomes of these mutations for
the Ras-MAPK pathway are unclear (21, 31). It is thus impor-
tant to examine whether these mutations modify other signal-
ing pathways that regulate embryo development. It was shown
recently that, besides promoting Ras/MAPK stimulation,
wild-type (WT) SHP2 can regulate phosphoinositide 3-ki-
nase (PI3K) activation by growth factors (46). In addition,
our recent biochemical study suggests that LS mutations
could promote PI3K activation (15). PI3Ks are lipid kinases
with major functions during development, as shown by re-
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combinant mouse models and human familial diseases. Simi-
larly to Ras/MAPK, PI3K activity is highly regulated by growth
factors and is critical for their actions in cell growth, apoptosis,
migration, and differentiation (10, 18).

Therefore, we assessed whether LS mutations could influ-
ence PI3K activation. To this end, we generated primary and
immortalized fibroblast cell lines from LS patients and healthy
controls and showed that, in response to epidermal growth
factor (EGF) stimulation, PI3K/AKT was upregulated in LS
cells. This deregulation was due to impaired dephosphoryla-
tion of GAB1 PI3K-binding sites by LS mutants. Furthermore,
LS mutants promoted PI3K-dependent upregulation of hyper-
trophy genes in cardiomyocytes.

MATERIALS AND METHODS

Generation, culture, and stimulation of LS, NS, and control fibroblasts. Pri-
mary fibroblast cultures were established from skin biopsy specimens obtained
from four different patients (two LS patients carrying the Y279C or T468M
mutation and two NS patients with the E76D or N308D mutation) and from two
healthy subjects following standard protocols (5) approved by our institutional
review board and after informed consent. The fibroblasts were expanded, im-
mortalized with simian virus 40 (SV40), and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and anti-
biotics (Invitrogen). Before stimulation, the cells were incubated overnight in
serum-free medium. The stimulations were performed using 50 ng/ml EGF
(Peprotech) for the indicated times. When indicated, cells were treated, before
stimulation, with 20 �M LY294002 or 100 nM wortmannin.

siRNA transfection. Forty-percent-confluent 6-well plates of immortalized fi-
broblasts were treated with a transfection mixture containing 800 �l DMEM and
200 �l Opti-MEM (Invitrogen) containing GAB1 or control small interfering
RNA (siRNA) (Qiagen; catalog no. SI02654736 and 1027310; 30 nM) and 3 �l
Oligofectamine (Invitrogen). The cells were incubated in the transfection mix-
ture for 4 h, and then 500 �l DMEM, supplemented with 30% serum and
antibiotics, was added to each plate. The cells were again incubated for 24 h and
then serum starved overnight and stimulated or not with EGF as indicated.

Western blot analysis. Cells were scraped off in lysis buffer containing 25 mM
Tris, pH 7.4, 50 mM KCl, 0.5 mM EDTA, 5% glycerol, 0.5% Triton X-100, 20
mM NaF, 2 mM Na3VO4, and protease inhibitors. The cell lysates were cleared
by centrifugation, and total proteins were measured using the method of Brad-
ford (Bio-Rad). Lysate aliquots containing identical amounts of proteins were
diluted in Laemmli’s sample buffer, boiled, and processed for immunoblotting
using a standard procedure (7, 36). The polyclonal antibodies used were anti-
phospho-AKT-Ser473 and anti-phospho-glycogen synthase kinase 3�/� (GSK-
3�/�)-Ser21/9 (Cell Signaling Technology); anti-GAB1, -SHP2, -EGF receptor
(EGFR), and -AKT (Santa Cruz); and anti-p85 (Upstate). The monoclonal
antibodies were anti-GSK-3� (Cell Signaling), antitubulin (Sigma), antihemag-
glutinin (anti-HA) (Roche), anti-Myc (Santa Cruz), and anti-V5 (Invitrogen).
Horseradish peroxidase (HRP)-conjugated secondary antibodies were from
Sigma. Blots were revealed using the Enhanced Chemiluminescence detection
system (Amersham).

Transfection of HEK293 cells. Subconfluent HEK293 cells grown in 100-mm
plates with DMEM containing 10% FBS and antibiotics (Invitrogen) were tran-
siently transfected with a mixture containing 6 �l of FuGene6 reagent (Roche)
and 2 �g of total DNA, according to the manufacturer’s instructions. The
pcDNA plasmids encoding WT SHP2 and mutants, GAB1-Myc, and HA-AKT
were described previously (15, 27, 36) or were obtained using the QuikChange kit
(Stratagene). After 24 h, the cells were serum deprived and stimulated as for
human fibroblasts.

Immunoprecipitations and GST-p85 pull-downs. Cells were scraped off in lysis
buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 10 mM EDTA, 10%
glycerol, 1% Nonidet P-40, 1 mM Na3VO4, and protease inhibitors and then
centrifuged to eliminate the insoluble material. For immunoprecipitation, the
lysates were incubated with the indicated primary antibodies for 1 h at 4°C,
followed by incubation with protein A-Sepharose (Amersham) for 1 h, and then
collected by centrifugation and washed with lysis buffer containing 0.1% Nonidet
P-40 and 0.1 mM Na3VO4. The immunoprecipitates were then processed for
Western blot analysis as described above.

The glutathione S-transferase (GST) fusion protein containing the SH2 do-
mains of p85 was described previously (7). The fusion protein was expressed in

Escherichia coli and extracted using glutathione-Sepharose beads (Sigma) in a
standard procedure. For GST pull-down experiments, cells were scraped off in 1
ml lysis buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 10 mM MgCl2,
0.5% sodium desoxycholate, 1% Nonidet P-40, 0.1% SDS, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and 1 �g/ml each of aprotinin and leupeptin. The
cleared lysates were incubated at 4°C for 2 h with 3 �g of GST-p85 bound to
glutathione-Sepharose beads. The beads were washed three times in lysis buffer
and then boiled in electrophoresis sample buffer and processed for Western
blotting.

Recombinant proteins and PTP assay. SHP2 mutant cDNAs were subcloned
into the pProEX-HT vector to produce recombinant proteins according to the
manufacturer’s protocol (Invitrogen). Briefly, recombinant proteins were ex-
tracted from E. coli lysates using Probond resin, and then the beads were washed
with buffer containing 20 mM Tris, pH 7.4, 200 mM NaCl, 40 mM imidazole, 1
mM PMSF, and protease inhibitors. Proteins were eluted with 200 mM imid-
azole. Purification was monitored by SDS-PAGE and Coomassie blue staining.
The purified proteins were stored in 33% glycerol at �80°C. PTP assays were
performed by incubating 50 ng of each SHP2 recombinant protein in PTP buffer
(20 mM HEPES, pH 7.4, 1 mM EDTA, 5% glycerol. 1 mM dithiothreitol [DTT])
with 250 �M substrate phosphopeptide, Src-pY530 (TSTEPQ-pY-QPGENL) or
GAB1-pY589 (DSEEN-pY-VPMNPNL), in the presence or absence of activat-
ing peptides (IRS1-pY1172, SLN-pY-IDLDLVK) (where pY is phosphoty-
rosine). After a 30-min incubation at 37°C, the amount of released phosphate
was assayed using Malachite Green solution (Upstate Biotechnology). The phos-
phopeptides were synthesized by NeoMPS.

Generation of recombinant adenoviruses. Bicistronic adenoviruses encoding
green fluorescent protein (GFP) and SHP2-WT, -E76D, -N308D, -Y279C, or
-T468M were obtained by subcloning the corresponding V5-tagged SHP2 con-
struct into the pTrack-CMV vector. Recombinant adenoviruses were then ob-
tained according to the pAdEasy homologous-recombination system, followed by
plaque purification, expansion, and titration in HEK293 cells (16).

Serum response factor (SRF)/myocardin assays with the luciferase reporter
gene. Patient fibroblasts (50,000 cells/well) were seeded in 24-well plates 16 h
prior to transfection. The transfection mixture contained 1.2 �l of FuGene6
reagent (Roche), 15 ng of serum response element-luciferase reporter gene
construct (30), 3 ng of pSV-Renilla luciferase expression vector as an internal
control (Promega), 150 ng of myocardin expression vector (43) (unless otherwise
indicated), and 160 ng of pcDNA3 plasmid. These optimal concentrations were
the result of several experimental trials. The cells were washed in phosphate-
buffered saline (PBS) 16 h after transfection and maintained in serum-free
DMEM for 24 h. After EGF stimulation, cell extracts were prepared and lucif-
erase activity was determined using the Dual Luciferase kit (Promega). Mea-
surements were made using a Berthold Lumat LB950.

Chicken embryo myocardial explants and fluorescence-activated cell sorter
(FACS) analysis. All procedures were approved by the Institutional Animal Care
and Use Committee. Fertile hen’s eggs obtained from a local supplier were
incubated at 38°C to yield embryos at the Hamburger-Hamilton stage 22 (em-
bryonic day 3.5 [E3.5]). Myocardial cushions were excised from embryos, ran-
domly assigned to the different treatment groups, and cultured for 3 days as
follows. The cushions were incubated in 50 �l of medium with 108 PFU of
adenoviruses encoding WT SHP2 or mutants for 30 min before being plated for
organotypic cultures (25) in M199 (Cellgro) with 10% FBS (Invitrogen), 1%
chicken embryo extract (Sera Laboratories International), and 1% penicillin/
streptomycin (Invitrogen). After 24 h, the cushions were incubated in M199
containing 2% FBS for 24 h and finally stimulated with 50 ng/ml EGF for the last
24 h. The myocardial explants were checked for GFP expression to assess the
efficiency of adenoviral infection. Images of whole cushions were acquired with
an SP2 Leica confocal microscope. At the end of the experiment, the explants
were dissociated with trypsin and gentle pipetting. Individual cells were fixed on
ice for 15 min with 2% paraformaldehyde, and cell size was analyzed using a
FACScan apparatus.

Measurement of ANF transcriptional activity. For measurement of atrial
natriuretic factor (ANF) transcriptional activity, neonatal rat ventricular myo-
cytes were isolated as described previously (45) and cultivated in 12-well plates.
They were transfected with 0.35 �g DNA of the SHP2 mutant construct and 0.15
�g of plasmid carrying the rat ANF promoter fused to the luciferase reporter
gene (ANF-Luc). DNA was mixed with Lipofectamine 2000 (Invitrogen) in
Opti-MEM (Invitrogen) according to the manufacturer’s instructions and as
previously described (26, 28).

Statistics. Results are expressed as means � standard errors of the mean
(SEM) and were compared using a paired Student’s t test. The number of
independent experiments (n) is indicated. A P value below 0.05 was considered
significant.
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RESULTS

Dominant-positive activity of LS PTPN11 mutants on AKT
activation. To explore the possible effects of PTPN11 muta-
tions on the PI3K/AKT pathway, we monitored AKT phos-
phorylation following stimulation with EGF in immortalized
fibroblasts from LS and NS patients and healthy controls.
For this purpose, we measured AKT phosphorylation on
Ser-473, which is dependent on PI3K under EGF stimulation

(data not shown). The different cell lines express EGFR and
SHP2 to similar extents (Fig. 1A), implying that comparison of
EGF-stimulated signaling between them could reveal possible
effects of the corresponding SHP2 mutation. EGF-induced
AKT phosphorylation was significantly more robust in fibro-
blasts from the two LS patients (Y279C and T468M) (Fig. 1B)
than in NS cells (E76D and N308D) (Fig. 1C) compared to
healthy controls (Fig. 1D). To ensure that immortalization did

FIG. 1. Dominant-positive activity of LS mutants on AKT phosphorylation. (A) Immortalized skin fibroblasts from healthy subjects (WT) or from
LS or NS patients carrying the indicated PTPN11 mutations were lysed and probed by Western blot analysis to assess the level of EGFR and SHP2
expression. (B and C) The same cells were stimulated with EGF for the indicated times and probed by Western blot analysis to determine the level of
AKT phosphorylation with an anti-phospho-AKT (P-AKT) antibody. AKT and tubulin were used as controls for gel loading. (D) P-AKT immunoblots
from 3 independent experiments shown in panels B and C were quantified using ImageJ software. Only significant differences versus WT cells for the
corresponding time are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001; n 	 3). The error bars indicate SEM. (E) The same experiment as shown
in panel B performed with WT and LS fibroblasts prior to immortalization. (F) HEK293 cells were cotransfected with HA-tagged AKT and the indicated
V5-tagged SHP2 constructs. Following EGF stimulation, the cells were immunoprecipitated with an anti-HA antibody and then probed with anti-P-AKT
or anti-HA antibodies (top and middle gels). Aliquots of corresponding cell lysates were probed with an anti-V5 antibody (bottom gel). (G) The same
experiment as shown in panel F performed with the indicated constructs (E. V., empty vector).
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not influence AKT phosphorylation, the same experiment was
also performed in LS and control fibroblasts before immortal-
ization, with results comparable to those obtained with immor-
talized cells (Fig. 1E).

To further confirm this effect of LS mutations on the PI3K/
AKT pathway, we monitored AKT phosphorylation in HEK293
cells, a standard model for the analysis of SHP2 molecular
functions (21, 36), transfected with the corresponding LS
and NS mutants, together with HA-AKT. SHP2-Y279C and
-T468M mutants reinforced EGF-induced AKT phosphoryla-
tion in comparison to WT SHP2 and the NS mutants (E76D
and N308D) (Fig. 1F). Similar results were obtained with other
LS (Q510P) or NS (D61del and E139D) mutants (data not
shown). As a control, we verified that expression of WT SHP2
did not significantly modify AKT phosphorylation compared to
cells transfected with an empty vector (Fig. 1G).

These results indicate that SHP2 mutants identified in LS
patients have a dominant-positive effect on AKT activation.

LS mutants promote PI3K/AKT upregulation through im-
paired dephosphorylation of GAB1 PI3K-binding sites. We
next investigated how LS mutants exerted a dominant-positive
effect on PI3K/AKT activation. EGF-dependent PI3K/AKT stim-
ulation relies on GAB1, a docking protein phosphorylated by

EGF receptor on specific tyrosine residues involved in PI3K re-
cruitment via its p85 regulatory unit (24). Since SHP2 can de-
phosphorylate these PI3K-binding sites to regulate PI3K/AKT
activation (46), we hypothesized that a defect in this regulatory
activity in LS patients could lead to increased EGF-induced PI3K
activation, which would explain the stronger AKT activation ob-
served in LS fibroblasts.

To test this hypothesis, we determined whether siRNA-me-
diated suppression of GAB1 expression had an effect on AKT
hyperphosphorylation in LS cells. Upon reduction of GAB1
expression, AKT hyperphosphorylation was decreased (Fig.
2A), and a quantitative analysis showed a similar effect of
GAB1 siRNA in decreasing AKT phosphorylation in fibro-
blasts obtained from both LS patients (Fig. 2B). This suggested
that GAB1 was involved in PI3K/AKT upregulation in LS cells.
To further validate this hypothesis, we analyzed EGF-induced
AKT phosphorylation in LS cells transfected with the GAB1-
YF3 mutant. This construct is mutated on its three PI3K-
binding sites, and we verified that it is unable to associate with
PI3K (p85) (Fig. 2C). When overexpressed in LS patient cells,
GAB1-YF3 reduced AKT hyperphosphorylation, whereas, as a
control, GFP had no effect (Fig. 2D). Hence, this result sup-
ported the above hypothesis.

FIG. 2. LS mutant-induced PI3K upregulation is dependent on GAB1-mediated PI3K recruitment. (A) Immortalized skin fibroblasts from a
healthy subject (WT) or from LS patients carrying the indicated PTPN11 mutations were transfected with control or GAB1 siRNA, as indicated,
before stimulation with EGF for the indicated times. The cells were then processed for Western blot analysis and probed with the indicated
antibodies. (B) Immunoblots performed for panel A were quantified using ImageJ. Only significant differences versus WT cells for the
corresponding time are indicated (*, P � 0.05; n 	 3). The error bars indicate SEM. (C) HEK293 cells were transfected with constructs
encoding Myc-tagged GAB1-WT or GAB1-YF3. Following EGF stimulation, the cells were subjected to anti-Myc immunoprecipitation (IP)
and then analyzed by anti-p85 (top) or anti-Myc (bottom) immunoblotting. �Ab WT, mock immunoprecipitation performed from GAB1-
WT-transfected cells without primary antibody; Lysate WT, aliquot of transfected cell lysate loaded on the gel as a positive control for
Western blot revelation. (D) WT or LS fibroblasts were infected with adenoviruses encoding GAB1-YF3 or GFP as a control, as shown.
Following stimulation with EGF, the cells were processed for Western blot analysis and probed with the indicated antibodies.
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To assess whether this PI3K/AKT upregulation was due to
increased interaction between GAB1 and PI3K, we measured
the GAB1/PI3K association in WT, NS, and LS cells by coim-
munoprecipitating GAB1 with p85 following stimulation with
EGF. The amount of p85 that was present in GAB1 immuno-
precipitates was significantly higher in LS cells than in control
or NS cells (Fig. 3A and B). This suggests that LS mutations
favor sustained binding of GAB1 to PI3K, which may explain
why in LS cells AKT is hyperphosphorylated.

To further examine whether LS mutations promoted GAB1/
PI3K binding through impaired dephosphorylation of GAB1,
we analyzed GAB1 phosphorylation on its PI3K-binding sites
in HEK293 cells transfected with the LS (SHP2-Y279C and
-T468M) and NS (SHP2-E76D and -N308D) mutants. For
convenience, we affinity precipitated GAB1 with a GST-p85
fusion protein, which allowed us to precipitate GAB1 when
phosphorylated on its PI3K-binding sites (7). Figure 3C shows
that, in comparison with WT SHP2, the LS mutants, but not

the NS mutants, facilitated GST-p85/GAB1 association, im-
plying sustained phosphorylation of GAB1 on its PI3K-bind-
ing sites. This reinforced the hypothesis that LS mutants
promote PI3K/AKT activation by facilitating PI3K recruit-
ment by GAB1.

To further assess the impact of LS mutants on GAB1/PI3K
interaction, we measured in vitro the catalytic activity of LS
mutants on a synthetic phosphopeptide carrying one of GAB1
PI3K-binding sites (GAB1-pY589). To this end, we produced
LS (Y279C, T468M, and Q510P) and NS (E76D, E139D, and
N308D) mutants as purified recombinant proteins (Fig. 3D,
left) to be used for in vitro PTP assays. The results (Fig. 3D,
right) confirmed previous observations that LS mutants display
extremely low enzymatic activity (15, 21, 40) when assayed
using a standard PTP substrate (Src-pY530). In addition, sim-
ilar results were obtained using a more specific SHP2 substrate
(GAB1-pY589), suggesting that all LS mutants have similar
biochemical features.

FIG. 3. LS mutants impair dephosphorylation of GAB1 PI3K-binding sites. (A) WT, NS, or LS fibroblasts were stimulated with EGF for the
indicated times and then immunoprecipitated with an anti-GAB1 antibody and probed for p85 and GAB1. (B) Quantification of p85 precipitation
using ImageJ. Only significant differences versus WT cells for the corresponding time are indicated (***, P � 0.001; n 	 3). The error bars indicate
SEM. (C) HEK293 cells were transfected with Myc-tagged GAB1 and the indicated V5-SHP2 constructs and then subjected to a PI3K affinity
precipitation assay (pull-down) using a GST-PI3K (GST-p85) fusion protein. The amount of precipitated GAB1-Myc was analyzed with an
anti-Myc antibody (top gel). Aliquots of corresponding lysates were probed with anti-Myc and anti-V5 antibodies (middle and bottom gels).
(D) Analysis of recombinant LS and NS SHP2 mutants by in vitro phosphatase assays. (Left) Two micrograms of the indicated recombinant SHP2
proteins was analyzed by SDS-PAGE and Coomassie blue staining. (Right) Phosphatase assays were performed by incubating the indicated
recombinant SHP2 proteins with Src-pY530 or GAB1-pY589 phosphopeptide as a phosphatase substrate. The assays were performed in the
presence or absence of an SHP2-activating peptide, as indicated.
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Taken together, these results demonstrate that LS mu-
tants promote GAB1/PI3K association as a consequence of
impaired dephosphorylation of GAB1 PI3K-binding sites by
these mutants. This explains why LS mutants exert a dom-
inant-positive effect on EGF-induced PI3K/AKT activation.

LS mutants promote GSK-3� phosphorylation in LS cells
through a PI3K-dependent pathway. We then investigated
which signaling pathways downstream of PI3K/AKT could be
deregulated in LS. A good candidate was GSK-3�, a multi-
functional kinase involved in embryo development (12). To
determine whether GSK-3� was deregulated in LS, we mea-
sured GSK-3� phosphorylation on Ser-9, a key regulatory res-
idue which, when phosphorylated by AKT, represses GSK-3�
activity. EGF-induced GSK-3� phosphorylation was signifi-
cantly higher in LS fibroblasts than in control and NS cells (Fig.
4A and B). We then verified whether GSK-3� hyperphosphor-
ylation in LS cells was linked to PI3K/AKT upregulation. For
this purpose, we treated LS cells with standard PI3K pharma-
cological inhibitors (LY294002 and wortmannin) before prob-
ing for GSK-3� phosphorylation. As shown in Fig. 5A, this
treatment virtually abolished the EGF-induced GSK-3� hyper-
phosphorylation, while the Ras-MAPK inhibitor U0126 had
only a minor effect. This result indicates that GSK-3� hyper-
phosphorylation in LS is PI3K dependent, suggesting that

GSK-3� deregulation in LS could be a consequence of PI3K/
AKT upregulation.

To further test this hypothesis, we examined whether
GAB1 was also implicated in GSK-3� deregulation. Reduc-
tion of GAB1 expression by siRNA in LS fibroblasts sup-
pressed GSK-3� hyperphosphorylation (Fig. 5B). To further
assess GAB1 involvement, we monitored GSK-3� phosphoryla-
tion in LS cells infected with GAB1-YF3 adenoviruses. GAB1-
YF3, but not GFP, overexpression resulted in the suppression of
GSK-3� hyperphosphorylation (Fig. 5C). Thus, disruption of
GAB1 PI3K-binding sites prevents GSK-3� hyperphosphoryla-
tion in LS cells, supporting the hypothesis that GSK-3� deregu-
lation is the result of GAB1-mediated PI3K/AKT upregulation.

LS mutant-dependent PI3K hyperactivation enhances myo-
cardin/SRF activity. Previous reports had shown that GSK-3�,
among different targets, regulates myocardin, a transcriptional
cofactor of the SRF (3, 20, 43). Therefore, we wondered
whether LS-induced PI3K/GSK-3� deregulation could affect
myocardin activity. As a first attempt to test this hypothesis, we
assessed whether LS or NS mutants of SHP2 could modulate
myocardin activity. To this end, WT, LS, and NS fibroblasts
were transfected with increasing amounts of myocardin before
SRF activity was monitored. As shown in Fig. 6A, myocardin
expression in patient fibroblasts induced a dose-response in-

FIG. 4. LS fibroblasts display enhanced EGF-induced GSK-3�
phosphorylation. (A) (Top) Immortalized WT and LS (T468M or
Y279C mutation) fibroblasts were stimulated with EGF and then
processed for Western blot analysis and probed with anti-phospho-
GSK-3� (P-GSK-3�), anti-total GSK-3�, and antitubulin antibod-
ies. (Bottom) P-GSK-3� immunoblots were quantified using
ImageJ. Only significant differences versus WT cells for the corre-
sponding time are indicated (*, P � 0.05; ***, P � 0.001; n 	 3).
The error bars indicate SEM. (B) The same experiment as shown in
panel A with cells from WT or NS patients carrying the indicated
PTPN11 mutations.

FIG. 5. LS mutants promote EGF-induced GSK-3� phosphoryla-
tion through a PI3K- and GAB1-dependent pathway. (A) Immortal-
ized skin fibroblasts from a healthy subject (WT) or LS patients car-
rying the indicated PTPN11 mutations were treated or not with the
indicated inhibitors for 30 min before stimulation with EGF, as shown.
The cells were then lysed and processed for anti-P-GSK-3� and anti-
tubulin immunoblotting. (B) WT and LS fibroblasts were transfected
with control or GAB1 siRNA, as indicated, before stimulation with
EGF. The cells were then processed for Western blot analysis and
probed with the indicated antibodies. (C) WT and LS cells were in-
fected with adenoviruses encoding GAB1-YF3 or GFP as a control, as
shown. Following stimulation with EGF, the cells were processed for
Western blot analysis and probed with the indicated antibodies.
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crease in SRF activity. Interestingly, we observed a stronger
response in T468M LS cells than in WT or N308D NS cells
(Fig. 6A). We next compared SRF activities in fibroblasts from
all available patients and confirmed that EGF-induced SRF
activity was significantly higher in the two LS cell lines than in
cells from NS patients or healthy controls (Fig. 6B). Of note,
SRF activity in the unstimulated and EGF-stimulated states
was higher in the LS cells, particularly the T468M mutant. The
fact that SRF deregulation appeared stronger in T468M than
in Y279C fibroblasts is probably a consequence of a more
robust AKT deregulation in T468M than in Y279C fibroblasts
(Fig. 1B). We then assessed whether the increased SRF/myo-
cardin activity in LS fibroblasts was mediated by PI3K upregu-
lation. PI3K inhibition by LY294002 or wortmannin abolished
the myocardin-dependent SRF stimulation observed in the
T468M LS cell line (Fig. 6C). Consequently, these data suggest
that LS-induced PI3K upregulation can enhance SRF/myocar-
din activity in a reconstituted model.

LS mutant-induced PI3K upregulation promotes hypertro-
phic growth in chicken embryo explants and ANF expression
in cultured cardiomyocytes. Since GSK-3� activity/activation
and subsequent inhibition of myocardin-dependent transcrip-
tional transactivating activity may be involved in reduced car-
diomyocyte hypertrophy (3), we hypothesized that LS mutants
could promote hypertrophy in a PI3K-dependent manner. In
human primary cells derived from adult heart ventricles, we
observed that LS, but not NS, mutants induced AKT and
GSK-3� hyperphosphorylation (data not shown), suggesting
that LS mutants can cause deregulation of the PI3K/AKT/
GSK-3� pathway in cardiac cells. Next, we analyzed the effect
of LS mutations on the size of primary cells derived from
chicken embryo myocardial cushions following adenoviral infec-
tion of the most “signal-altering” LS mutant (SHP2-T468M) in
the tissue. After stimulation with EGF, explants were dissoci-
ated, and the sizes of individual cells were assessed by FACS
analysis. Interestingly, the size of cells expressing the LS mu-
tant SHP2-T468M was increased in comparison with cells in-
fected with WT SHP2. Moreover, following PI3K inhibition
with LY294002 (LY), the most stable and the least toxic of the
two PI3K inhibitors, the shift of cell size induced by the LS
mutant was abolished (Fig. 7A). Of note, under those experi-
mental settings, the size of noninfected, GFP-negative cells
was not significantly modified by LY294002 treatment (data
not shown). This signifies that the cell size enlargement in
tissue infected with the LS mutant was dependent on PI3K.

Finally, we evaluated whether LS-induced deregulation of
the PI3K/AKT/GSK-3� pathway was associated with cardio-
myocyte hypertrophy. Reexpression of embryonic genes, in-
cluding ANF, and transient activation of immediate-early
genes are frequently used as markers of myocyte hypertrophy.
Therefore, to test whether LS mutants could induce cardio-
myocyte hypertrophy, we overexpressed SHP2-WT, N308D, or
T468M in neonatal rat ventricular myocytes, and we studied
their impacts on ANF expression using a luciferase gene re-
porter assay. SHP2-T468M induced a stronger ANF-luciferase
response than WT SHP2 or the NS mutant SHP2-N308D (Fig.
7B). This higher ANF transcriptional activity was abolished by
LY294002, suggesting that LS mutants could promote cardio-
myocyte hypertrophy through PI3K upregulation.

DISCUSSION

In this study, we analyzed the effect of SHP2 mutations
identified in LS patients on the PI3K/AKT pathway. Upon
EGF induction, AKT was hyperphosphorylated both in LS
fibroblasts and in HEK293 cells overexpressing the corre-
sponding LS mutants. We then analyzed in detail the mecha-
nism of PI3K/AKT upregulation by LS mutants and obtained
the following data: (i) reducing GAB1 expression using siRNA
prevents PI3K/AKT upregulation in LS patient cells, (ii) ade-
novirus-driven expression of GAB1-YF3 (deficient for PI3K
binding) suppresses AKT upregulation in LS cells, (iii) the
amount of GAB1/PI3K complex is higher in LS cells than in
cells from healthy subjects or NS cells, and (iv) recombinant LS
SHP2 mutants are particularly inactive in dephosphorylating a
peptide carrying a GAB1 PI3K-binding site, whereas WT
SHP2 or NS mutants dephosphorylate this peptide more effi-
ciently than a standard PTP substrate. All these observations

FIG. 6. LS mutations promote upregulation of SRF activity
through a PI3K-dependent pathway. (A) SRF activity was measured
using a luciferase gene reporter assay in LS (T468M), NS (N308D),
and control (WT) fibroblasts in the presence of increasing concentra-
tions of myocardin. The error bars indicate SEM. (B) The same ex-
periment as shown in panel A performed with all available patient cell
lines. Significant differences versus stimulated WT cells are indicated
(*, P � 0.05; ***, P � 0.001; n.s., not significant). (C) The same
experiment as shown in panel A performed in the presence of the
indicated inhibitors. **, P � 0.01; n.s., not significant. Significant
differences versus corresponding cells, stimulated with EGF in the
absence of inhibitor, are indicated.
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indicate that LS mutants cannot efficiently dephosphorylate
GAB1 PI3K-binding sites. This defect in SHP2 catalytic activ-
ity leads to the upregulation of PI3K/AKT observed in LS cells.

The fact that SHP2-LS mutants have a stimulatory effect on
PI3K/AKT in transfected cells and patient fibroblasts is
probably the consequence of a dominant-positive effect of
these mutants on EGF-induced PI3K/AKT stimulation. In
transfected cells, this is certainly due to the recruitment into
signaling complexes of transfected SHP2 mutants in lieu of
endogenous WT SHP2. Indeed, those mutants possess all
the functional domains to be recruited in signaling com-
plexes (SH2 domains and phosphorylation sites). Therefore,
it is likely that the mutants compete with endogenous SHP2
for SHP2-binding sites, and since they are overexpressed by
transfection, they substitute for endogenous SHP2. As they
carry a point mutation that alters their catalytic activity, they
cannot complement endogenous SHP2 function, i.e., down-
regulation of EGF-induced AKT activation. Thus, substitu-
tion of endogenous SHP2 by inactive LS mutants in signal-
ing complexes results in AKT upregulation.

In the case of patient cells, SHP2 produced from the mu-
tated allele is not overexpressed compared to SHP2 produced

from the WT allele, and the two forms of protein are probably
equimolar. Therefore, while in healthy subjects signaling com-
plexes contain 100% WT SHP2, in patient cells, the signaling
complexes are composed of 50% WT SHP2 and 50% mutated
SHP2. In the case of LS mutants, this is apparently enough to
alter SHP2-dependent AKT activation. Of note, in the case of
NS patients, others have concluded that NS mutations exert a
dominant-positive effect on Ras/MAPK activation through a
similar mechanism, considering that WT SHP2 promotes Ras/
MAPK activation and that catalytically hyperactive SHP2 NS
mutants seem to hyperactivate Ras/MAPK (2, 11).

In a former study, one (T468M) out of three tested LS
mutants appeared somewhat able to dephosphorylate a GAB1
phosphopeptide in an vitro assay, even though this mutant, like
the others, was deficient in its catalytic activity on a standard
phosphatase substrate (15). To clarify this point, in the current
work, we produced LS mutants as purified recombinant pro-
teins. This allowed us to perform a study of these mutants’
catalytic activities that was more thorough and reliable than
what has been achieved thus far. The results (Fig. 3D) showed
that the three LS mutants were equally defective in dephos-
phorylating GAB1, which does not confirm that the T468M
mutant behaves differently from other LS mutants.

In addition, our previous study suggested that the T468M
mutant, when overexpressed in Vero cells, retained some phos-
phatase activity toward the PI3K-binding sites borne by GAB1,
whereas the Y279C mutant did not. In contrast, in the current
study, when transfected in a more standard cell line for signal-
ing studies (HEK293), the T468M and Y279C mutants be-
haved similarly. More importantly, both mutants displayed the
same dominant-positive effect in patient cells, with the T468M
mutant being even stronger than the Y279C mutant. The lack
of effect of T468M in Vero cells is likely not due to the level of
mutant overexpression, since we could observe the domi-
nant-positive effect of the T468M mutant in patient cells
that did not overexpress the mutant. Thus, one may assume
that the mutations can have different “biological pen-
etrance” in a given cell type, depending, possibly, on the
expression level of the binding partners or on the level of
stimulation. Supporting this view is a report showing that an
NS-causing SHP2 mutation has differential effects on an
intracellular signaling pathway when different cell types car-
rying the mutation are considered (2).

Different mechanisms can be imagined to explain PI3K/
AKT upregulation (increased adapter phosphorylation, Ras-
mediated hyperactivation of PI3K, increased ErbB3 phosphor-
ylation, decreased PTEN activity, etc.). In this study, we used
siRNA targeting GAB1 as a first approach to determine
whether this adapter protein was involved in PI3K/AKT up-
regulation. The fact that GAB1 siRNA suppressed PI3K/AKT
upregulation suggested that GAB1 was involved in the process.
Then, we explored in detail the role of GAB1, by using the
GAB1-YF3 mutant and by analyzing GAB1/PI3K association.
The results of these experiments clearly supported the view
that increased PI3K recruitment on GAB1 was an important
cause of PI3K/AKT upregulation. However, this does not ex-
clude the possibility that future studies could identify other
mechanisms also participating in LS-associated PI3K/AKT de-
regulation, notably those involving Ras, which is most likely
deregulated in LS.

FIG. 7. An LS mutant enhances ANF expression and promotes car-
diac cell hypertrophy through a PI3K-dependent pathway. (A) Myocar-
dial cushions from chicken embryos were infected with adenoviruses
expressing GFP and a SHP2-WT, or -T468M mutant. After stimulation
with EGF, the sizes of cushion cells were measured by FACS. (Left)
FACS profile from a representative experiment. (Right) Medians of
FACS profiles from 3 different experiments. The error bars indicate
SEM. (Inset) Confocal images of GFP and rhodamin-phalloidin stain-
ing showing tissue integrity at the end of the experiment (left) and
GFP staining of a whole cushion infected with SHP2-WT adenoviruses
(right). (B) Neonatal rat cardiomyocytes were cotransfected with the
indicated SHP2 construct (WT, N308D, or T468M) and a luciferase
(Luc) construct under the control of the ANF promoter. Two days
after transfection, the cells were assayed for Luc activity. When indi-
cated, the cells were treated, before the Luc assay, overnight with
LY294002 (control, cotransfection of ANF-Luc and empty vector).
The graphs are presented as the mean and SEM of 3 independent
experiments performed in duplicate. In panel A, significant differences
versus stimulated WT cells are indicated. In panel B, significant dif-
ferences versus the untreated control are indicated. (*, P � 0.05; **,
P � 0.01; n.s., not significant.)
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Our study also revealed that the phosphorylation of GSK-3�
on Ser-9, a major regulatory site, is enhanced in LS fibroblasts.
This is certainly a consequence of PI3K/AKT upregulation in
LS cells, as this site is a well-established phosphorylation target
of AKT (12). Supporting this view is our observation that in LS
cells, Ser-9 phosphorylation showed a requirement for PI3K or
GAB1 (Fig. 5). Interestingly, GSK-3� is a multifunctional ki-
nase with key functions during embryo development (12). Con-
sequently, it will be interesting to examine whether GSK-3�
deregulation is associated with LS symptoms, and notably
hypertrophic cardiomyopathy, considering that cardiomyo-
cyte hypertrophy can involve GSK-3� (20). Nevertheless,
deregulated pathways distinct from PI3K/AKT/GSK-3� cer-
tainly participate in this cardiopathy, as shown by a recent
report involving Raf1 gain-of-function in NS or LS patients
with hypertrophic cardiomyopathy (32).

Taking into consideration that catalytically inactive LS mu-
tants promote PI3K/AKT upregulation through impaired
GAB1 dephosphorylation, one may wonder why hyperactive
NS mutants did not downregulate PI3K/AKT, since they
seemed to facilitate GAB1 dephosphorylation. A possible ex-
planation could be linked to the gain-of-function effects of NS
mutants on Ras/MAPK (13). Indeed, it is now well established
that, at least in the case of oncogenic Ras mutants, activated
Ras stimulates PI3K through direct interaction (33). In the
case of NS mutants, increased Ras activity should lead to
higher-than-normal PI3K activation, which could compensate
for the inhibitory effect on PI3K due to GAB1 dephosphory-
lation. Specific studies will be needed to solve this issue, as
PI3K activation is a very dynamic process. Indeed, the possi-
bility that NS mutants alter this signaling pathway under par-
ticular conditions not tested in our study cannot be excluded.

In conclusion, this report shows that LS-causing PTPN11
mutations cause abnormal upregulation of the PI3K/AKT/
GSK-3� pathway. In light of these findings, it will be interest-
ing to examine whether this pathway deregulation is involved
in the development of LS symptoms. The relevance of this
research is reinforced by recent reports suggesting that, in
addition to Ras-MAPK signaling defects, PI3K-dependent
pathways could be altered in other NCFC syndromes (8, 35).
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